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Abstract 
Methods for estimating subsurface volumes in porous and permeable geologic formations are routinely applied in oil and gas, 
ground water, underground natural gas storage, and UIC disposal evaluations.  In general, these methods can be divided into two
categories: static and dynamic.  The static models require only rock and fluid properties, while the dynamic methods require 
information about active injection, e.g. injection volumes and reservoir pressures.  The static models are volumetric and 
compressibility; the dynamic models are decline curve analyses, mass (or volumetric) balance, and reservoir simulation.   
The volumetric method requires a simple geometric description of the formation that includes formation height and area, 
porosity, and some type of factor that reflects the pore volume that CO2 can occupy.  The compressibility method relates the 
change in pore pressure to the change in water and pore volume.  Pore pressure will increase as CO2 is injected.  This causes a 
decrease in water volume and an increase in pore volume.  The sum of these changes can accommodate space for CO2 storage.  
This is primarily an issue for closed reservoirs.   
For active CO2 injection, in addition to the static methods, dynamic methods can be used.  Some geologic formations will incur 
flat or constant injection rates with variable injection pressure, while other formations will have decreasing injection rate with
constant injection pressure.  This is primarily due to surface operations and the outer boundary condition of the reservoir (closed
or open).  A decreasing injection rate trend can be analyzed and extrapolated to an uneconomic injection rate to infer the ultimate 
storage capacity of an active injection well.  Mass or volumetric balance can be used to estimate subsurface injected volumes 
using cumulative injection volume as a function of pore pressure.  Based on the geologic unit, combinations of parameters are 
used to allow straight line projections of the observed trends to make forecasts of the ultimate storage capacity.   
Injection zone flow simulation models can be used pre- or post injection, require the most input data and can accommodate a very
rigorously defined geologic model.  Storage estimates can be made readily from simulation for various development scenarios 
that include completion interval, well-type, injection rates, and multiple injection well spacing.   
The data requirements, assumptions and limitations for each of these methods are reviewed.  Advantages and disadvantages of 
applying each method to basin-scale and specific site-scale storage estimates are discussed. 
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1.  Introduction 
An estimate of CO2 storage is an important aspect of site selection for CO2 geologic sequestration.  A complete site 
assessment should include as many methods as applicable, which will be primarily driven by the types of data 
available.  Some methods require only geologic data while others required injection data.  Consequently, some 
methods are more applicable to screening when no wells are in the immediate area of the proposed site, while other 
methods are more applicable after active injection has occurred over some period of time. These methods are 
developed for CO2 sequestration in saline formations based on established usage in the petroleum industry.  There 
are five unique methods for estimating subsurface volumes:  volumetric, compressibility (pressure), injection decline 
curves, mass balance, and simulation.  These methods each have advantages and disadvantages, and some are 
considered more reliable than others depending on data quality, data quantity, and geologic heterogeneity.   
These methods are equally applicable to calculating storage resource and storage capacity volumes.  The input 
parameters and the use of storage efficiency (E) will determine whether the calculated volume reflects resource or 
capacity.  Each method varies in complexity and consequently generally accepted accuracy.   
2.  Static and Dynamic Methods for Estimating CO2 Storage 
Methods available for estimating subsurface volumes are widely and routinely applied in oil and gas, ground water, 
underground natural gas storage, and Underground Injection Control (UIC) disposal-related estimations.  In general, 
these methods can be divided into two categories: static and dynamic.  The static models are volumetric and 
compressibility; the dynamic models are decline curve analyses, material balance, and reservoir simulation.   
2.1 Volumetric 
The volumetric method is the basis for CO2 resource calculations in the US Department of Energy National Atlas 
I and II.  The volumetric formula uses porosity (I), area (A), and thickness (h), and the fraction of the accessible 
pore volume that is most likely to be contacted by injected CO2 or storage efficiency, E.  The volumetric method is 
typically used in oil and gas exploration scenarios when little to no site specific data are available and early in the 
productive life of an oil or gas field.  The volumetric equation is  
Gco2 = A h I E 
The estimate of CO2 storage is Gco2.* The simplest way to use this equation is with a single value for each parameter 
which assumes that an average value adequately represents the variation in each parameter.  For formations with 
minimal data this may be the only method available.   A more advanced method to use this equation would be if 
more data were available and variations in thickness and/or porosity were known then the equation could be applied 
separately to different layers or areas within the injection site area.  The trapezoidal rule or pyramid rule are 
commonly used if a relationship between area and height can be established; however, this will only be through 
reliable seismic data or after multiple wells are drilled.   
As written, the product of area and thickness is the bulk volume of the formation.  The product of area, thickness 
and porosity is the pore volume.  If the porosity is the effective or interconnected porosity, this product is the 
effective pore volume.  If total porosity is used, then the product is the total pore volume.  For storage estimates, 
only the effective pore volume is relevant.  The storage efficiency, E, can be derived to reflect storage resource or 
* Consistent units are assumed and no conversion constant is shown in the equations in this paper.
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capacity and will be different depending on the area and thickness that A and h, respectively represent.  For example 
if h is total thickness, E must include a net to total thickness ratio or if total porosity is used, E must include the ratio 
of effective to total porosity.  Also included in E is representation of the saturation of CO2 (fraction of the pore 
volume that CO2 is likely to saturate).  Figure 1 graphically defines the relationship between these terms.   
2.2 Compressibility
In the petroleum industry, the compressibility relationship is primarily used with production and pressure data 
above the saturation pressure of the oil and for modeling the influx/efflux of an aquifer hydraulically connected to 
an oil or gas reservoir.  This equation has very limited application in the petroleum industry, and has very 
specialized application to CO2 sequestration.  
The compressibility approach is generally applied to fluids with nearly constant total compressibility (ct) over some 
increase or decrease in pressure (p) from an initial pressure (po).  As such, single-phase oil reservoirs and confined 
saline-water filled formations are typical applications.  The principle behind using this relationship to estimate CO2
storage is that for an incremental increase in pore pressure (due to CO2 injection), the water volume will decrease 
and the effective pore volume will increase.  The sum of these volume changes is the additional volume that CO2
can occupy (Figure 2).  
The injection of CO2 into a saline formation suggests two phases, CO2 and brine water, but for estimating CO2
storage using the compressibility formula, only the change to the water phase is relevant.   The equation below 
shows the compression of the original water volume (Vwo) due to an increase in pressure (p) above the initial 
pressure (po).  The change in volume (ǻVw) is the volume that CO2 can occupy as a consequence of increasing the 
pressure from po to p via the injection process.   
Gco2 (capacity)  = ǻVw = Vwo ct (p - po)
The pressure (p) in this equation is the average pressure in the area of the injection well, a static, shut-in pressure, 
not an injection pressure.  The analyses of a pressure falloff test (injection followed by a shut-in period) yields an 
average pressure.  The original water volume Vwo is determined by the volumetric equation using A, h, and I.  The ct
is the sum of the pore compressibility of the formation (cp) and the in-situ water saturating the formation (cw).   
ct = cp + cw
Compressibility is rarely measured compared to other properties, e.g. the thickness and porosity.  Water 
compressibility is relatively well understood and a correlation can be used.  Pore compressibility requires a core 
sample and laboratory experimentation.  In a closed system, where water cannot be displaced from the area around 
the injector, the Vwo is calculated based on the area defined by the boundaries of the formation.   
In an open system, water is displaced from around the injector and the Vwo term cannot be clearly defined.  
Theoretically, Vwo is infinite for an open system and the equation is not applicable.  In an open system, pressure will 
increase around the well and deeper into the formation with time; however this formula has no applicability to this 
scenario.  The exception to this would be if multiple active CO2 injection wells exist.  At some distance between 
these wells a no-flow boundary exists.  Water will not move out of the area surrounding the injection well, and the 
pore pressure will increase with continued CO2 injection.   
For an estimate of the CO2 storage capacity of a site, p could be defined as the maximum capillary pressure of the 
sealing rock or a maximum pressure that may cause a boundary (e.g., a fault) to leak.  This pressure is not the 
injection pressure of a well that may initiate or propagate a fracture due to relatively high pressure injection, but is 
the average water pressure of the entire Vwo.  Because the pore pressure could be controlled by the production of 
water, the economics and regulations of a specific site would determine if water production was an option.  
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Consequently, a pressure constraint would not be used to calculate the storage resource, but a site specific storage 
capacity.
2.3 Decline Curve Analyses
The decline curve is one of the simplest and most frequently used equations in the petroleum industry to forecast 
oil rates and ultimate production. An analogy for CO2 injection is developed.  The basis for estimating subsurface 
storage volumes using active injection assumes a type of injection rate – time relationship.  Primarily because of its 
simplicity, the most common relationship used in the oil industry is exponential decline.  Injection rate (qco2) is 
expected to be an exponential function of time based on an initial injection rate (qco2i) and a decline coefficient (D) 
that reflects various flow characteristics of the formation.  The general form of this equation follows: 
qco2 = qco2i e-Dt
Although the oil industry applies this equation to steady state conditions, this formula is intended for use when 
injection rate varies with time due to pseudo-steady-state conditions of pressure increasing in the formation with 
time and injection rate decreasing.  (Another variation of this formula is under development for constant rate 
injection and variable injection pressure.)  The exponential decline equation is used to determine the decline 
coefficient, D, given an injection rate history.  The slope of a semilog plot of log q vs. time yields the decline 
coefficient, D (Figure 3).   
If an abandonment or minimum economic injection rate (qco2A) is determined, the cumulative injection volume of 
CO2 between rates of qco2i and qco2A is calculated and related to the ultimate storage volume.  The projected CO2
capacity (Gco2) is based on the following equation:   
Gco2 (capacity) = (qco2i - qco2A) / D 
The formula is generally applicable to individual wells or entire fields as long as the exponential trend exists 
between injection rate and time.  Because this formula is based on injection rates only, it reflects the storage volume 
that is likely to be attained with continued injection; therefore, this is storage capacity if qco2 reflects an 
abandonment rate or economic limit.  Use of the storage efficiency factor (E) could be used to estimate the storage 
resource available within the injection area of this well that might be available using the following relationship. 
Gco2 (resource) = Gco2 (capacity)  / E 
2.4 Material Balance
The complete material balance equation includes the cumulative CO2 injection and the corresponding pore 
pressure (p) at various times.  Fluid properties that reflect CO2 compressibility (z) or the gas formation volume 
factor (Bg) are required.  The formula for CO2 sequestration in saline formations can be derived very similarly to the 
p/z plot used in natural gas reservoir and underground gas storage reservoirs, which is shown below: 
p/z = (1-Gp/G) (pi/zi)
The estimate of gas in place (G) is estimated from this plot using the cumulative gas produced (Gp).  The subscript 
“i” is the initial conditions prior to production.  (An aquifer influx or efflux term can be included based on specific 
site applications; in this case, aquifer properties such as water and formation compressibility are required.)   
By analogy, the material balance equation can be developed for sequestration.   
p/z = (1-Ginj-co2/Gco2)(pa/za)
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This formula can be written so that a straight line appears on a cumulative CO2 injection (Ginj-co2) versus p/z where z 
is the z-factor of CO2 evaluated at pressure p.  However, unlike when gas is produced from a gas reservoir and 
pressure decreases, during sequestration gas pressure will increase with time and the aquifer efflux (We) must be 
included because of the brine water that is leaving the injection zone around the well.  Unfortunately, introducing 
the We to this formula yields a nonlinear relationship.  The general form using the Bg form can be written below: 
Gco2 (Bg - Bga) + We = G co2-inj Bg
The term G co2-inj Bg is the cumulative subsurface volume of CO2 injected.  The term Gco2 (capacity) (Bg - Bga) is the 
volume that the ultimate CO2 storage volume would occupy at the current pressure, p.  The We term is directly 
related to the gas injected.  The relationship between these terms is show in Figure 4.   
This Gco2 is capacity and resource could be calculated using as previously described in the decline curve section. A 
limitation of the material balance equation is that a measurable average pore pressure increase must occur with 
cumulative injection and that the We term must independently be assessed. 
2.5 Flow Simulation 
Numerical modeling of geologic units that includes volumetric and geologic flow properties, as well as fluid 
properties, is the most advanced method for estimating storage.  However, advanced technology does not necessarily 
mean improved accuracy unless the representative data are available.   
Flow simulation includes the material balance, compressibility, and volumetric formulas on a cell-by-cell 
representation of the geologic unit.  It is considered an advanced methodology because it is designed to include a 
more realistic geologic description, fluid properties, and injection/production wells.  Various development scenarios, 
e.g. vertical or horizontal wells and perforation location, can be simulated, too. 
Simulation can be used to make projections or to study actual field or pilot performance.  If simulation is used in 
design only, the basic equations may give similar results for storage estimates; for use with history matching actual 
field or pilot injection and pressure data, a more improved estimate for CO2 storage can be made.   
It should be noted that the flow simulation method is the most resource-consuming. It needs data at a scale and 
resolution that make it applicable at the reservoir scale but not at the formation and basin scales.  Simulation directly 
yields storage capacity and resource can be calculated from this estimate.   
3.  Discussion 
As written above, these formulas all assume free phase CO2, which can be either mobile or immobile (residual or 
trapped).  (Simulation can include dissolution and/or mineralization.)  Inclusion of CO2 immobile describes CO2
saturation less than a threshold or residual saturation at which CO2 becomes mobile.  All equations could be adapted 
to include other terms by assuming some fraction of the water volume that has a certain mass of dissolved CO2 or a 
fraction that is mineralized.   However, because the time required for dissolution and mineralization is slow and may 
only start to have a strong influence post-injection compared to the immediate presence of free phase CO2, neither of 
these will have an appreciable affect on the storage estimate but only will affect the distribution of CO2 and the 
trapping mechanisms. 
For resource estimates in cases where limited data are available, the volumetric method is most useful.  The estimate 
of storage efficiency depends on the type, quantity and quality of data available.  E can be adapted to exclude some 
terms or change the range or distribution of certain parameters when estimates of A, h, or I are considered more 
reliable.  Use of the volumetric estimate for capacity, would require site specific information directly from a well 
that has proven evidence of injectivity.  
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The use of the compressibility equation in most all cases will result in a very, very low estimate of storage compared 
to all other methods.  Imposing a pressure constraint is a very important aspect of site selection because it is directly 
related to economics (e.g. compression equipment design) and regulation of a site.  However, this is not important to 
estimating the storage resource because a second well could be drilled in a pressure constrained formation and 
relieve the pressure and increase the storage.  Drilling and operating a second well and disposal of the produced 
water are economic and regulatory issues and not a restriction to the available pore volume for storage.  These are 
most definitely necessary criteria to consider when estimating capacity, which must meet threshold economic and 
regulatory constraints.   
The decline curve approach likely only has applicability to sites with active injection that have an exponential or a 
hyperbolic (not discussed) trend.  Generally, in oilfield applications the decline curve is most applicable to closed 
systems under pressure depletion or open systems with two phase production, with one phase (oil) decreasing with 
time.  The concept has been used for water injection as “incline” curves.  Until several sequestration sites provide 
injection rate-time data, use of the decline curve for a design (no-injection data) will be futile as the decline 
coefficient, D, must be known a priori for a projection of rate and storage.  If the injection project is not constrained 
by the injectivity of the formation, rate will likely be constant and the decline curve concept is not applicable. 
The use of the material balance equation is likely to be the simplest and most accurate to use in terms of cumulative 
gas injection and periodic average pressure measurements; however, the weakness will be the estimate of water 
efflux.  There are analytical functions available to estimate water efflux. 
Given adequate data, time and expertise, reservoir simulation or modeling will continue to be the most advanced and 
reliable means of understanding capacity and resource estimates.  Numerous trapping mechanisms and geologic 
heterogeneity can be included directly.  The other methods should be used to validate independently reservoir 
simulation results.   
4.  Conclusions 
In the oil industry, five different methods have been used and tested for the production and injection of fluids in 
porous and permeable formations for several decades.  While CO2 injection into saline formations is different, the 
processes are similar enough to develop analogous methods and formulas to represent CO2 sequestration.   
Depending on boundary affects, available data, and interest in resource or capacity estimates each formula has 
specific applications to each case.  Multiple methods should be used to advance understanding of the reliability of 
each method to estimate storage.  
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Figure 1:  Graphical relationship between the terms in the volumetric equation. 
                  
Figure 2:  Graphical relationship between the terms in the compressibility equation. 
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Figure 3:  Example exponential injection decline curve. 
Figure 4:  Graphical relationship between terms in material balance equation 
Cumulative
CO2 injected
GinjBg We
Water EffluxIn situ Gas
Volume= +
= +
G
co2Bga
–
Gco2Bg
2776 S.M. Frailey / Energy Procedia 1 (2009) 2769–2776
